The natural products (-)-dihydromenisdaurilide, (-)-3, and (+)-dihydroaquilegiolide, (+)-4, were isolated in 1993, but synthetic reports related to these compounds are quite scarce. Only a synthesis of both natural isomers in enantioenriched form and a synthesis in enantiopure form of unnatural 3 and natural 4 have been reported. Starting from an enantiopure monoketal of pbenzoquinone, we have investigated several synthetic approaches to both lactones in enantiomerically pure form, but each of them resulted in racemization. Finally, partial hydrogenation of (+)-and (-)-menisdaurilide allowed the preparation of (+)-and (-)-dihydromenisdaurilide, respectively, and a Mitsunobu reaction applied to 3 afforded (+)-and (-)-dihydroaquilegiolide.
Introduction
A large number of products containing a highly functionalized cyclohexane subunit have been isolated from nature. (-)-Menisdaurilide, (-)-1, (-)-aquilegiolide, (-)-2, (-)-dihydromenisdaurilide, (-)-3, and (+)-dihydroaquilegiolide, (+)-4, are four examples of this kind of natural products (Chart 1). Menisdaurilide was first reported in the literature in 1978 as a product of the acid hydrolysis of the nitrile glucoside menisdaurin, 1 but it was isolated not until 1984, along with aquilegiolide, from Aquilegia atrata. 2 Later on, lactone 1 has been isolated from several plants [3] [4] [5] [6] [7] [8] and it is also the aglycon of phyllanthurinolactone, a bioactive substance related to the leafclosing movement of several nyctinastic plants. 9, 10 Both enantiomers of aquilegiolide have also been isolated from natural sources. [3] [4] [5] [6] [7] [8] 
(-)-Dihydromenisdaurilide and (+)-dihydroaquilegiolide
have been reported as components of the extracts from Sinomenium acutum. 5 Two new glucosides, named trochocarposide and epitrochocarposide, were isolated from Trochocarpa laurina in 1995. 11 Hydrolysis of both compounds yielded (-)-dihydroaquilegiolide and (-)- Chart 1. Natural products containing a highly functionalized cyclohexane subunit.
The first synthesis of racemic menisdaurilide and aquilegiolide was reported by the group of Mori. 12 The isomers (-)-3 and (+)-4 were obtained only in enantioenriched forms by Majewski and co-workers. 13 Ogasawara et al. 14 published another synthesis of racemic menisdaurilide, as well as the only known preparation of (+)-dihydromenisdaurilide and (+)-dihydroaquilegiolide. Recently, we described the first asymmetric synthesis of (+)-and (-)-menisdaurilide, (+)-and (-)-1, starting from the easily available enantiopure monoketal of p-benzoquinone (+)-5. 15 In this paper, we report the results of our investigations directed to the synthesis of the structurally related natural lactones 2, 3, and 4 in enantiopure form.
decided to use the experimental conditions described by Coleman's group 16 and therefore, we prepared the new p-nitrobenzoates (-)-and (+)-6 in yields over 90% starting from (+)-and (-)-1, respectively (Scheme 1). The formation of the ester is observed in the 1 H NMR spectra by the presence of two doublets at δ 8.29 and 8.19 corresponding to the aromatic protons, as well as the downfield shifted absorption of H-6 from δ 4.62 in 1 to δ 5.84 in 6. The inversion of the configuration at C-6 was established by NOE experiments. Irradiation of the labeled proton H7ax results in a high enhancement of the signal of H-6 and has no effect on H-7a, while presaturation of H-7eq produces NOE on H-7a and only a small effect on H-6. Unfortunately, treatment of 6 with a stoichiometric amount of potassium carbonate in methanol, the usual conditions for hydrolysis of p-nitrobenzoic esters, furnished a mixture of both epimers 2 and 1 in a 1:2 ratio. The configurational instability at the C-7a stereocenter of menisdaurilide and some of its derivatives has already been described in the literature. 2, 12, 14 Nevertheless, Mori and coworkers 12 reported the use of catalytic amounts of potassium carbonate in methanol in the last step of their synthetic procedure of racemic aquilegiolide and epimerization was not observed. When we performed the hydrolysis of esters 6 under these conditions we still obtained a mixture of aquilegiolide and menisdaurilide, albeit with minor isomerization, since the ratio was now 2:1.
In view of this result, we discarded other alternative methodologies for the alcohol inversion, assuming that the epimerization process could not be avoided, thus, we abandoned the synthesis of aquilegiolide in enantiopure form. MeOH, 0ºC + Scheme 1. Attempted synthesis of (-)-aquilegiolide.
For the enantiopure synthesis of the dihydro derivatives 3 and 4, we believed that we could benefit from our synthetic sequence of menisdaurilide, that uses chiron (+)-5 as the starting material. This ketal was transformed into the diastereoisomeric hydroxylactones (+)-7 and (+)-8, that were easily separated (Scheme 2). The conversion of 7 or 8 into menisdaurilide continued with the dehydration of the secondary alcohol, 15 but with dihydromenisdaurilide being our new target, the reduction of the olefin was undertaken first.
Conventional hydrogenation of (+)-7 and (+)-8 afforded the new saturated lactones (+)-9 and (+)-10 in 82% and 97% yield, respectively, considering the recovered starting material. In both cases the reaction was stopped before a complete olefin consumption was reached, due to the observed formation of several decomposition compounds when the reaction was conducted until disappearance of 7 or 8. In the 1 H NMR spectra of 9 and 10, no signals corresponding to olefinic protons are observed. Using bidimensional NMR experiments most of the absorptions of the protons and carbon atoms of both isomers could be assigned. Dehydration of each alcohol was carried out by treatment with thionyl chloride and pyridine. The unknown butenolides (+)-11 and (+)-12 were isolated in over 90% yield and they were also characterized by their spectroscopic data. The presence of a singlet at δ 5.84 in the 1 H NMR spectra of both isomers confirms the formation of the double bond in each compound. Hydrolysis of ketals 11 and 12 proved to be problematic. Treatment with montmorillonite K-10 under the same conditions previously used in our group for the hydrolysis of structurally similar ketals resulted in no deprotection. The use of p-toluenesulfonic acid in acetone or cerium ammonium nitrate in an acetonitrile/water mixture 17, 18 did not yield the desired ketone 13 either.
After several attempts, reproducible hydrolyses were achieved using larger amounts of montmorillonite K-10 and solvent than those reported before. Unfortunately, the new compound 13 could not be obtained in pure form and was contaminated with ca. 5% of an unidentified product according to its 1 H NMR spectrum. Since the specific rotation values determined for the isolated samples of (+) ), we concluded that partial racemization had taken place again, most probably due to the acidic character of the proton H-7a. This circumstance renders this synthetic sequence ineffective for the preparation of enantiopure samples of dihydromenisdaurilide and/or dihydroaquilegiolide and therefore, we searched for a second approach toward the synthesis of the enantiopure lactones 3 and 4.
We visualized that the same saturated butyrolactones 7 and 8 could serve as possible intermediates for a new synthetic path. The corresponding deprotected ketone 14 might be configurationally more stable and could hopefully be transformed into the target molecules by several routes. Ketals 7 and 8 were easily hydrolyzed in comparision to 11 and 12 using also montmorillonite K-10 and enantioenriched compounds (+)-14 and (-)-14 were isolated in 99% and 79% yield, respectively (Scheme 3). Although product 14 was first synthesized by photooxidation of p-hydroxyphenylpyruvic acid 19 and was afterwards isolated from several plants, 20, 21 no data on its specific rotation had been reported. The spectroscopic data of our samples were identical to those published, but their specific rotation values diminished over longer time periods without observing any decomposition by NMR analysis. This fact reveals that in this case a partial racemization also occurs, most probably through the achiral conjugated enone 15, which is an intermediate in the mentioned photooxidation process. This result forced us to look for a third alternative approach. We decided to investigate the selective reduction of menisdaurilide. Fortunately, when (+)-and (-)-1 were submitted to catalytic hydrogenation in the presence of palladium over charcoal we isolated the desired (+)-and (-)-dihydromenisdaurilide, 3, in high yield, respectively (Scheme 4). The spectroscopic data of our samples matched with those previously reported. 5 Nevertheless, a chiral GC analysis of our samples revealed an ee≥95%, and their enantiopurity was further proven by their conversion to dihydroaquilegiolide (vide infra). This synthesis of enantiopure dihydromenisdaurilide competes favourably with the previously reported route. dihydromenisdaurilide. Consequently, the hydrolysis of esters 16 resulted in no racemization. This new synthesis of enantiopure dihydroaquilegiolide is also shorter than the one previously reported.
14 In conclusion, we described herein an attempt to prepare aquilegiolide in enantiopure form along with a short access to each enantiomer of dihydromenisdaurilide and dihydroaquilegiolide.
Experimental Section
General Procedures. Reaction mixtures were magnetically stirred. The organic extracts were dried over anhydrous sodium sulfate. Reaction solutions were concentrated using a rotary evaporator at 5-10 Torr. Flash chromatography was performed using Merck silica gel (230-400 mesh). Infrared spectra were recorded on a Bruker Tensor 2000 (ATR) spectrophotometer. 
Hydrolysis of (-)-6.
A suspension of (-)-6 (9.5 mg, 0.032 mmol) and potassium carbonate (0.4 mg, 0.003 mmol) in methanol (0.8 mL) under argon atmosphere at 0ºC was stirred for 1 h. The mixture was filtered through a short path of silica gel and the solvent was removed. Flash chromatography of the crude solid using hexane/ethyl acetate (2:1) as eluent yielded the following fractions: (i) 6 mg of a 1:1.7 mixture of (-)-6 and methyl p-nitrobenzoate; and (ii) 2.3 mg of a colorless oil identified as a 2:1 mixture of (-)-aquilegiolide, (-)-2, and (-)-menisdaurilide, (-)-1.
(3aR,7aS,4'R,5'R)-4',5'-Diphenyl-3a-hydroxyperhydrospiro[benzofuro-6(2H),2'-[1,3]dioxolan]-2-one ((+)-9).
A suspension of (+)-7 (1.07 g, 2.93 mmol) and 10% palladium over charcoal (316 mg, 0.30 mmol) in ethyl acetate (60 mL) was stirred under a hydrogen atmosphere at room temperature for 4 h. The mixture was filtered through celite® and the solvent was removed. Flash chromatography of the crude material using hexane/ether (1:1) (3aS,7aS)-3a-Hydroxy-3,3a,7,7a-tetrahydrobenzofuran-2,6-dione ((+)-14) . A mixture of (+)-7 (139 mg, 0.38 mmol) and montmorillonite K-10 (287 mg) in methylene chloride (14 mL) was heated at reflux temperature for 22 h. The mixture was filtered, the montmorillonite was washed several times with hot ethyl acetate, and the solvent was removed. Flash chromatography of the remaining yellow oil (129 mg) using hexane/ethyl acetate (5:4) 
